The geometric shape of a passage's cross-section has an effect on its convective heat transfer capabilities. For concentric annuli, as cross section, the diameter ratio of the annular space plays an important role. The purpose of this investigation was to find a correlation that will accurately predict heat transfer coefficients at the inner wall of smooth concentric annuli for the flow of water. Experiments were conducted on water under turbulent flow conditions for a wide range of diameter ratios. The Wilson plot method was used to determine the heat transfer coefficients from which a correlation was developed that could be used to predict the heat transfer coefficients.
INTRODUCTION
Since the early nineteen hundreds, many researchers have investigated heat transfer in annuli, particularly in order to find correlations that can describe the Nusselt number (Nu) and convective heat transfer for a wide range of flow conditions and annular diameter ratios. Figure 1 shows a schematic representation of a basic tube-in-tube element. Most of the proposed equations for calculating the Nusselt number are functions of the annular diameter ratio (a = D/D 1 ), the Reynolds number (Re) and the Prandtl (Pr) number and corresponds with the Dittus-Boelter type form. Figure 2 indicates a comparison ofNusselt number predictions of some ofthe equations sited in literature with an annular ratio of2 and a Prandtl number of3. 36 All correlations predict an almost linear increase in the Nusselt number with an increase in the Reynolds number. Compared to the other predictions, the equation by Foust and Christian over predicts the Nusselt number by approximately a factor of three. When the predictions of Foust and Christian are omitted, a difference in predicted values of -20% to +25% relative to the average predicted value is found to exist.
No literature was found that indicates the existence of an accurate heat transfer correlation for concentric annuli. It was thus the purpose ofthis investigation to deduce a correlation that would be able to make accurate predictions of average Nusselt numbers at the inner annular wall under turbulent flow conditions of water. Reynolds Number
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EXPERIMENTAL FACILITY
Eight different concentric tube-in-tube heat exchangers, each with a different annular diameter ratio, were used during the experimental investigation. Each heat exchanger had an effective heat transfer length of about 6 m and was operated in a counter flow arrangement with hot water in the inner tube and cold water in the annulus . The heat exchangers were constructed from hard drawn refrigeration copper tubing and v.:ere operated in a horizontal configuration. Dimensions of the different heat exchangers are listed in Table I . The inner tubes were kept in concentric positions by employing sets of either three or four radial supporting metal pins along the length of each heat exchanger. The pins had a diameter of 0.6 mm and were at an offset of either 90° or 120° while clamping the inner tube. The pins were only fixed to the outer t~be to minimise the effect of possible thermal c~nduct10n from the hot inner tube to the metal pins, which might have acted as fins. A representation of one set of four supporting pins with an offset of 90° is shown in Figure 3 . By using a symmetrical configuration, possible unbalanced flow patterns were minimised. Supporting sets were placed at distances of between 0.75 m and 0.667 m apart along the length of each heat exchanger depending on the cross sectional area of the annulus. The size and position of the supporting pins were carefully chosen to minimise possible turbulence generation. The supporting structures occupied at most 6.5% of the cross sectional area of the smallest annulus.
Temperature measurements were facilitated by means of K-type thermocouples fixed on the outside surfaces at entry and exit regions of the heat exchangers. Temperature data was captured with the aid of a data logger. Temperature errors were usually less than 0.1 °C. Measuring points were sufficiently insulated from the ambient.
Volumetric flow rates were measured by using semi-rotary circular-piston-type displacement flow meters with a measuring accuracy of greater than 98%. The flow meters were installed at the exits of both the hot and cold-water tubes of the heat exchangers. By allowing a distance of at least 1 m from the outlets, the chaotic flow patterns generated at the exit regions were decreased before entering the flow meters. This ensured more accurate flow rate measurement. The flow meters were installed at the exit regions as the high pressures at the inlet regions might influence the operation of the flow meters negatively.
Hot-water supplied by an on-site hot-water storage tank (1000 /), fitted with an electric resistance water heater, was pumped through the inner tube by means of a positive displacement pump and then returned to the storage tank. The hot-water flow rates were controlled with hand-operated valves. By directing an amount of the flow through a bypass, the pressures inside the heat exchangers were reduced.
Similarly, cold water was supplied from a cold water storage tank ( 1000 l) connected to a chiller and pumped
More than 95% of all data points were predicted within a 3% accuracy range by the Wilson plot correlations for the different heat exchangers. All Wilson plot correlations exhibited a median error of less than or in close proximity to 1%. Standard deviances for error values were less than 2%. The correlation for heat exchanger 7 had less than desired accuracies due to inconsistency in the Wilson plot results. It may be likely due to a physical defect in the annulus. 
DERIVATION OF CORRELATION
As was expected both P and Co (equation 2) showed a dependence on the annular diameter ratio. Figure 5 illustrates the general trends of P and Co in terms of the diameter ratio. The value of P exhibited a downward trend as the annular diameter ratio is increased. On the other hand, the value of Co had an upward trend for an increasing annular diameter ratio.
The results obtained from data of heat exchangers 5 and 7 do not agree with those of the rest of the heat exchangers. (annular diameter ratios of 4.17 and 3.39 respectively) This is highlighted in Figure 5 .
It is suspected that the heat exchangers suffered internal mechanical damage. A strong possibility exists that the inner tubes were not concentrically spaced inside the annulus. It is known from literature that the presence of eccentricity has an effect on heat transfer correlations as was found by Coldwell [9] as well as Lea and Taros [ 1 0]. It was decided to exclude results obtained from heat exchanger 5 and 7 from the derivation process, as it would have impacted negatively on the accuracy of the final generalised correlation, in the worst case nullifying the good results obtained from the other six heat exchangers.
The first step was to find general mathematical relations could predict the values of P and Co of the remaining annular cases in terms of the diameter ratio, a. through the annulus by means of two series connected centrifugal pumps to ensure high flow rates before being returned to the storage tank. The cold water flow rates were also controlled by means of a bypass system and hand-operated valves. A schematic representation of the test facility is shown in Figure 4 .
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EXPERIMENTAL PROCEDURE
Experimental tests were performed at a wide range of flow rate combinations between the inner tube and annulus. As a correlation for the annulus was being deduced, the flow rates in the annulus were of more importance and a bigger spectrum was covered, ensuring a turbulent flow regime. By adjusting the hand-operated valves the appropriate flow rates could be established.
Experiments were started with the inner tube flow rate constant for a number of tests while the annular flow rate was altered through the spectrum. Thereafter a new inner tube flow rate was used and the procedure repeated . After sufficient time was allowed for relative steady state conditions to be established, inlet and outlet temperatures of the inner tube and annulus were recorded by means of the data logger.
Before moving on to a next test, it was insured that the energy balance error was at a satisfactory low level. If the error was too high, a longer time period was given for the system to reach an approximate steady state. A high level of accuracy in the experimental data was maintained. More than 90% of all data points exhibited an energy balance error of less than I%. A Reynolds number range of 2 600 to 35 000 was covered in experiments performed on eight heat exchangers. Suspicious data points were excluded from the analysis process to increase the final accuracy thereof. Information on the experimental data and data sets used for analysis purposes is given in Table 2 .
In the case of heat exchanger 7, experiemental tests were repeated due to discrepancies in results obtained from its data.
PROCESSING OF DATA
The internal and annular Nusselt numbers can be written as follows :
Factors P, C; and Co are added to account for geometry influences. The modified Wilson plot method developed by Briggs and Young [8] was used to determine these values for the different annular diameter ratios.
Obtained values are listed in Table 3 accompanied by information on the error of the resulting correlations (equation 2) on the data in terms of the annular overall heat transfer coefficient Uo. Furthermore it was found that the following relation also exists between P, Co and a:
This is demonstrated by Figure 8 . By using equations (2) in conjunction with equations (3) and ( 4) the expected values for the annular Nusselt number can be determined for a particular temperature, Reynolds number and diameter ratio. The percentage deviances of the predicted Nusselt numbers were determined for a range in Reynolds number of 4 000 to 30 000. The median values of these are given in Table 4 . From the information listed in Table 4 , the initial correlations for P and C 0 , it was expected that predictions of the Nusselt numbers would be too great. More accurate correlations were thus required to describe the Nusselt number in terms of the annular diameter ratio.
By dividing the initial correlation for the Nusselt number by a corrective function defined by equation (6) , this problem was solved and the resulting deviances were within a 3 % range. The median values for the different diameter ratios are given in Table 5 .
. (6) After substituting correlations for P and Co into equation (2) , and including the corrective function, the resulting Nusselt number correlation is described by· (7) : 
ACCURACIES
The validity of equation (7) for the prediction of Nusselt numbers were tested with experimental data from all heat exchangers excluding heat exchangers 5 and 7 . These were excluded, as the data obtained from them would not suit the particular heat transfer conditions for this investigation namely turbulent flow in smooth concentric annuli.
Information on the resulting prediction errors is given in Table 6 . It was found that the presence of the corrective function has improved the accuracy of the correlation to within 3%, with only a few minor extreme cases falling just outside it.
CONCLUSION
As was expected, it was found that the convective heat transfer correlation for an annulus is dependent on the diameter ratio. The value of P (equation 2) exhibited a downward trend with an increase in the diameter ratio while the opposite was found to be true for the value of C (equation 2).
It was found that the correlation deduced (equations 6 and 7) predicted Nusselt numbers accurately within 3% from the measured values for diameter ratios between a= 1.7 and a= 5.1 and a Reynolds numbers range of 4 000 to 30 000.
It is recommended that the annular diameter ratio of heat exchangers 5 and 7, a = 4.I7 and a = 3.39 respectably be reinvestigated in future as it would supply valuable additional information on the behavior of P and C 0 • More annular diameter ratio could also be included to establish a stronger heat transfer correlation.
